Tests for cos γ < 0 in Rare B → P P , P V and V V Decays 
I. INTRODUCTION
Experimentally, a number of hadronic rare B decay modes have been observed [1] [2] [3] in the last two years. They may allow us access [4] [5] [6] [7] to unitarity angles of the KobayashiMaskawa (KM) matrix such as γ (≡ arg(V * ub ) in standard phase convention), by exploiting interference between tree and penguin amplitudes in these modes. The presently observed decay processes can be catalogued into two classes. The first class, e.g. B → ρπ, is dominated by tree (T) level b → u transitions, but may have sizable penguin (P) contributions.
The second class, e.g. B → Kη ′ , Kπ, and the newly observed K * + π − mode, are penguin dominant processes which may have sizable T/P.
Two-body decays of B mesons are usually studied under the factorization hypothesis.
Based on this hypothesis, the decay amplitude is given in terms of a weak transition amplitude and the decay constant of a factorized final state meson. Nonfactorizable contributions are lumped into the effective number of colors N eff which may deviate from N c = 3. The current fits of KM parameters give γ in the range of 60
• − 70 • [8] , which heavily relies on the lower limit ∆m Bs > 12.4 ps −1 from combining LEP, CDF and SLD data. With a little loosened limit ∆m Bs > 10.2 ps −1 [9] at 95% C.L., some room is allowed for negative cos γ.
If one adopts, however, the currently favored γ ≃ 60 • − 70
• , it is difficult to explain present data such as
, and the strength of the newly observed ρ 0 π + ∼ 1.5 ×10 −5 and K * + π − ∼ 2.2 ×10 −5 [3] . All the data so far therefore seem to prefer cos γ < 0 if factorization holds [7] , except the size of K + ω 0 ∼ 1.5 × 10 −5 [2] which cannot be explained by factorization [See Note Added.] . However, all modes with branching ratios (Br) of order 10 −5 or more will likely be updated or measured soon by CLEO and the B factories. It is thus of interest to explore any additional modes that can shed further light on γ. In this paper we extend Ref. [7] and study additional channels [10] for which the γ range can be probed.
We update the B → P P and P V modes (P , V stand for pseudoscalar and vector mesons) with form factors from light-cone (LC) sum rules [11] , which seem to give a better fit to data than using Bauer-Stech-Wirbel (BSW) form factors [12] . We find further that some V V modes and the K * η modes are promising. Processes that are basically pure T (e.g. ρ + ρ 0 )
or pure P (e.g. K ( * ) φ) depend only weakly on γ, and thus offer direct tests of factorization.
If large CP asymmetries (a CP ) are observed in the K ( * ) φ modes, it could be a signal for new physics. The paper is organized as follows. In Sec. II a brief review of the theoretical framework is given. We then sketch how sensitivity to γ angle emerges. In Sec. III we discuss in detail the hints of negative cosγ from existing data. We show that the form factors from LC sum rules are preferred by data. Adopting LC sum rule form factors, in Sec. IV we study the V V modes as well as some other modes that can offer further tests for cos γ < 0 or the factorization hypothesis. Finally, the discussion and conclusion are presented in Sec. V.
II. THEORETICAL FRAMEWORK
The standard starting point is the effective ∆B = 1 weak Hamiltonian
where q = d, s, and
2)
with O 3−6 , O 7−10 the QCD, electroweak penguin operators and (
The decay amplitude is computed by evaluating the hadronic matrix elements of H eff , i.e.
where the µ-dep. of O i (µ) has been taken out through the matrix g ij (µ) which cancels the µ-dep. of c i (µ) to give c eff j , which should not depend on the theoretical scale parameter µ. The matrix elements O j fac are evaluated at the factorization scale µ f by equating it to products of matrix elements of quark bilinears, the evaluation of which is done by form factor models. It can be shown that the c eff i s are µ, scheme and gauge independent [13] , but it should be at the same scale µ f where one evaluates O j fac . Whether, or how, factorization actually works, however, is not well understood.
The decay amplitudes derived from the factorization approach are given in terms of effective parameters a In what follows, we adopt the values of a eff i given in Ref. [14] which are evaluated at µ f = m b , use N c = 3, and ignore final state interactions (FSI). Since the presently observed modes are largely color allowed, most results here are insensitive to N eff = N c . The influence of N eff = 3 will be briefly discussed. For detailed formulas we refer to Refs. [14] and [15] .
We will take q 2 = m Table I . As we are interested in studying γ dependence of decay amplitudes, it is important to check the γ dependence of short distance coefficients. Although the a i 's for b → s penguins are basically γ-independent because V * us V ub is much smaller than V *
it is not the case for b → d penguins since all three KM factors are on same footing in
Thus, for b → d penguins, a 3−10 will also exhibit γ dependence.
In Fig. 1 we show the γ dependence of a 4 , a 6 , and a 9 for both b → dqq andb →dqq. These are the dominant gluonic and electroweak penguin coefficients. We see that for γ = 50
Re a 4 and Re a 6 are within 3% of −0.0383 and −0.0437, respectively, while Re a 9 is constant. 
where KM unitarity, implicit in Eq. (2.1), has been used, and the last step for V * ts V tb ∼ = −|V cb | is accurate to less than 2%. Since |V ub /V cb | ≃ 0.08, one finds λ − |V ub /V cb | cos γ > 0 always hence the real parts of V * td V tb and V * ts V tb are opposite in sign. Thus, not only T-P interference for b → uūd and b → uūs processes depend on the sign of cos γ, the interference effect is opposite between the two type of processes, e.g. when constructive in
it is destructive in π + π − , which is precisely what is needed to explain data.
Such phenomena are of fundamental nature, and offer a window on the phase angle γ, but it can be obscured by long distance effects such as
However, the nonobservation of B → KK and π 0 π 0 modes [1] [2] [3] suggest that FSI rescattering effects are not sizable, except for the case of
We shall await experimental confirmation of the latter [See Note Added.] and note in the mean time that factorizaton is more likely to work in the N C insensitive modes such as the ones studied here. We note in passing that some recent work in applications of perturbative QCD to B decays are beginning to reveal how factorization works [17] .
It was B → P P , P V data that inspired the observation that factorization does work and hinted at cos γ < 0 in Nature. The starting point was the Kπ modes. Ignoring the electroweak penguin (EWP), one typically expects
, where the factor of 1/ √ 2 comes from the π 0 isospin wave function, and the ratio is almost independent of γ. The data, however, suggest that K + π 0 is as large as K + π − [1, 3] , which imply that EWP may be important [5, 6] . Choosing larger m s to suppress strong penguin a 6 contribution, and γ in the range of 90
shown [5] that the three observed Kπ modes can be suitably close to each other and the data are thus accommodated.
The π + π − mode then presents a challenge. It is color allowed and should be T -dominant, and easier to see experimentally than the recently measured
is not yet observed [See Note Added.]. Without resorting to a small N eff ∼ 1 or large final state rescattering phases, it was pointed out that suppression of the π + π − mode can be elegantly achieved if cos γ < 0, which would enhance the ρ 0 π + mode (and even more so if m u + m d is on the lighter side) and suppress ρ ± π ∓ [7] . If the A B→ρ 0
form factor is larger than in BSW model [12] , it could further help explain the strength of
and the smallness of the ratio
The newly measured K * + π − mode is also color allowed and insensitive to N eff , while [7] and becomes more consistent with data.
The above observations are largely insensitive to N eff . In Ref. [7] BSW form factors were used. In fact, the form factors from light-cone sum rules [11] seem to give a better fit to B → P P , P V data, since the A 0 form factor is larger while F 0,1 form factors are slightly lower than in BSW model. We list the relevant form factor values at zero momentum transfer for both BSW model and LC sum rules in Table II . The q 2 dependence of the LC sum rule results can be referred to [11] . Note that hadronic charmless B → P P and V P are insensitive to the q 2 dependence of form factors because of the smallness of q 2 in the factorization approach. However, if
can be enhanced by 12% because q 2 = m 2 K * is no longer negligible. Table II . Form factors at zero momentum transfer in the BSW model [12] and in the LC sum rule calculations [11] . The values given in the square brackets are obtained in the LC sum rule analysis.
Decay At this point we caution that form factor models typically do not have good reference to the factorization scale µ f that enters a Table I . In the complete theory, there should again be no µ f dependence. We note that some progress has been made recently in providing a QCD basis for why and how factorization works [17] .
The results using BSW form factors have been given in [7] . 
. These values are lower than but within range of recent CLEO observations [3] .
Because the form factors from LC sum rule calculations fit data better, we adopt the LCSR form factors in subsequent analysis of further modes.
IV. ANALYSIS OF γ-DEPENDENCE OF FURTHER MODES
A. B → ρρ and ρω Modes B → V V amplitudes are independent of light quark masses. The modes ρ + ρ − , ρ + ρ 0 , and ρ + ω 0 are all of order 10 −5 with ρ + ρ − being the largest. One expects
where 1/ √ 2 comes from the ω 0 isospin wave function. The γ-dependence of ρ + ρ − and ρ + ω 0 rates is dominated by the interference term ∝ Re(V * ud V ub a 1 ) × Re(V * td V tb a 4 ). In contrast, the ρ + ρ 0 mode is far less sensitive to γ since a 4 is replaced by 3a 9 /2 where a 9 is ∼ 4 times smaller than a 4 . In any case, all three modes get suppressed for cos γ < 0, as shown in Fig. 5 To study model dependence, we have also used form factor values from BSW model [12] as input parameters. We find that the ratios do not change much, but the overall scale can become smaller by 40%. large m s to suppress the penguin a 6 term, for more sensible m s < 200 MeV values, K + π 0 is always visibly less than K + π − [7] , as can be seen in Fig. 2 
(a).
For K * + π 0 /K * + π − , the a 6 term is absent, but the a 2 and EWP a 9 terms are modulated by the factor
= 0.9 (0.6) in LCSR (BSW) model, and
as can be seen from Fig. 4(a) .
For K * + ρ 0 /K * + ρ − , r 1 is replaced by a more complicated ratio of ρ and K * decay constants and B → V form factors, and
since r 2 ≃ 1.2 turns out to be larger than r 1 .
Thus, the EWP effect is most prominent in the K * ρ 0 modes, which enhances the ratio K * + ρ 0 /K * + ρ − to be close to 1. It also suppresses the K * 0 ρ 0 mode. To illustrate this we show in Fig. 6 both the cases of keeping a 9 and with a 9 set to 0. Thus, we see that the EWP effect is able to enhance the K * + ρ 0 rate by a factor of 2! In comparison, the EWP effect in K + π 0 is diluted by the additional strong penguin contribution from a 6 , while for
it is subdued by the form factor ratio r 1 . If r 1 is even larger than LCSR case, then K * + π 0 /K * + π − could be closer to 1. We note that the rate difference between K * ρ 0 and K * ω 0 (which we discuss below) modes is also mainly due to the EWP contribution.
We find that, for γ ∼ 60 The sign of T -P interference in K * + ω 0 and K * + ρ 0 modes are rather similar under factorization. Thus, the K * + ω 0 rates are also enhanced in the region of cos γ < 0, as can be seen in Fig. 7 . The K * 0 ω 0 rate is insensitive to γ because its tree contribution is color suppressed. Thus, the K * + ω 0 rate can be 1.5 − 2.5 times larger than K * 0 ω 0 for cos γ < 0,
• , and could still be 20% even for γ ∼ 120
• .
The K * φ 0 modes arise from the pure penguin b → sss process and have very weak γ dependence (Fig. 7) . Though not useful for extracting γ, they give a more direct test of the factorization hypothesis. In the standard model the a CP s are practically zero and any measurement ≥ 10% would likely be an indication for new physics [18] .
As pointed out in Ref. [7] , having cos γ < 0 could explain the observed splitting of
the Kη ′ modes seem to have a large singlet contribution, such as coming from the anomaly [19] . Even assuming N eff (LL) = 2 = N eff (LR) = 5 [14] and low m s values, the rates fall 30% − 40% short of observed, while for N eff = 3 one can only account for less than half the observed rate. Since we do not know how to take the anomaly effect into proper account for exclusive modes, we shall not plot the results here.
The K * η modes, however, should be less susceptible to the anomaly effect, and with T/P structure similar to K * π 0 [7] . Ignoring the extra anomaly term and omitting an overall
where
) and we have dropped terms that are much smaller than those shown. Numerically we use f [14] . The γ dependence for K * 0 η mode is weak because the tree contribution is color suppressed. For K * + η one has constructive T -P interference for cos γ < 0 hence
As shown in Fig. 8 , the rates depend strongly on m s , the strange quark mass. We find
MeV, but may be enhanced to 2.2 for m s = 200 MeV.
The rates could be larger by 50% or more since A BV 0 seems to be larger [7] than F BP 1 , as indicated by the strength of the ρ 0 π + mode.
E. Various Suppressed Modes
The Fig. 9 . We see that K * η ′ < ∼ 1.5 × 10 −6 , and for cos γ < 0 the K + η rate is suppressed, leading to K + η < ∼ K 0 η < ∼ 10 −6 . These suppressed modes should be compared with the Kη ′ modes, which are already observed and are the largest exclusive rare hadronic decays, and the K * η modes, which have some chance of being observed in the near future.
The K + ω 0 mode is reported at the rather sizable level of 1.5 × 10 −5 [2] , in strong conflict with the rather suppressed factorization expectation [See Note Added.]. This is also illustrated in Fig. 9 together with K 0 ω 0 , which has lower reconstruction efficiency. The Kω 0 rates are also very sensitive to m s , but we do not see any way to enhance them within factorization approach.
In general, when modes are suppressed because of cancellation of different contributions such as the modes shown in Fig. 9 , one is not only sensitive to form factors and long distance effects, but also sensitive to actual values of short distance coefficients.
V. DISCUSSION AND CONCLUSION
The B → V V decay rates are quite sensitive to the chosen form factor model, but the relative sizes of Brs and a CP s are not. All Brs could easily be larger by 50% or more if B → V form factors are in general larger [7] than B → P form factors, as indicated by the strength of the ρ 0 π + mode [3] . Our main results are insensitive to N eff = 3. For N eff < 3, the ρ + ρ 0 and ρ + ω 0 modes are enhanced and become closer to ρ + ρ − . For N eff = 2, the ρ 0 ρ 0 and ω 0 ω 0 modes become one order of magnitude larger, but still below 10 −6 .
Subsequent to Ref. [7] , the observation of ρ ± π ∓ and K * + π − modes [3] were reported, which offer further support for the factorization and cos γ < 0 hypotheses. We believe that In conclusion, we have studied the γ dependence of hadronic rare B decays to PP, PV, VV and K * η modes within the factorization approach. We find that light cone sum rule form factors give better fit to B → P P, P V data. The ρ 
would support cos γ < 0. The EWP effect should be most prominent in K * + ρ 0 mode as compared to K ( * )+ π 0 , leading to a factor of two enhancement in rate, and observation of K * + ρ 0 ≃ K * + ρ − would give strong evidence for the electroweak penguin. The weakly γ−dependent pure penguin processes K ( * ) φ 0 can be used as a direct test of the factorization hypothesis. If large a CP is measured in K ( * )+ φ 0 modes, then new physics would be implied.
The rare B → V V modes should also be studied with vigor! comments, and B. Behrens, J.G. Smith and F. Würthwein for discussions.
Note Added.
At the completion of this paper, CLEO announced [20] 
